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GENERAL INTRODUCTION 
Desertation Organization 
This dissertation begins with the general introduction of literaure related 
to this work, including the background concepts and recent progress in this area. 
The following chapters are the research work of the author and they are followed 
by a general summary. The chapter proceeding the general summary is a journal 
paper to be published. A list of all the references cited concludes this 
dissertation. 
Matrix-assisted Laser Desorption/Ionization (MALDI) Time-of-flight 
Mass Spectrometry 
Since 1970 lasers have been used to generate ions for analysis of organic 
molecules in mass spectrometers (1). Molecules are ejected from a solid surface 
following irradiation with a pulsed laser beam. By this way, it is possible to 
transfer involatile species from the solid to the gas phase within a mass 
spectrometer, allowing ionization and mass analysis to take place. Biomolecules 
normally present in the condensed phase need to be converted into intact, 
isolated ionized molecules in the gas phase for MS analysis. This conversion is 
diflBcult to achieve because biomolecules are polar and massive, and therefore 
extremely involatile. Laser desorption provides a good solution for biomolecule 
analysis. However, there is a upper limit to the size of molecules that could be 
desorbed as intact ions. This limit, which depends on molecular structure and 
laser parameters, is near a mass of 1000 Da for biopoljmaers and up to 9000 Da 
for S3nithetic polymers (2). 
The main breakthrough toward higher masses came when the 
Hillenkamp and Karas research group realized that the use of a matrix could 
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circumvent this problem (3). A matrix is a small and highly absorbing species, 
such as nicotinic acid. A low concentration of analyte molecules are embedded in 
either a solid or a liquid matrix (Fig. 1). In this way the efficient and controllable 
energy transfer is retained while the analyte molecules are spared from 
excessive energy that would lead to their decomposition. Tanaka also showed 
that ultra fine cobalt powder (UFP) plus glycerol (4) could help the production of 
large protein ions. The UFP in the sample enhances the speed of sample heating 
by laser irradiation. Consequently, molecular ions are formed more easily. Table 
I lists compoimds which have been used as matrix at different laser wavelengths 
(5-8). Some basic matrices (9) can be used to extend the utility of MALDI to the 
analysis of acid-sensitive species. 
Table I. The most commonly used matrices for MALDI MS 
Matrix Wavelength (nm) Form 
Cobalt powder 
Nocotinic acid 
Ice 
Dihydroxybenzoic acid derivatives 
3-Nitrobenzyl alcohol 
Cinnamic acid derivatives 
Vanillic acid 
Pyrazinecarboxylic acid 
578.589 
266, 337, 355 
266 
266, 337, 355 
327 
266 
266 
266 
liquid 
solid 
? 
solid 
liquid 
solid 
solid 
solid 
Fig. 1 LD: irradiation of the neat anals^te sample will lead to 
thermal destruction. 
MALD: dissolving the anal3rte in an excess of matrix molecules of 
high spectral absorption leads to gentle desorption of 
analyte molecules. 
4 
LD 
laser pulse 
MALD 
laser pulse 
analyte 
matrix 
• 
Pyrolysis intact desorption of 
high-mass ions 
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Principles of MALDI 
Within the last few years, UV lasers have been extensively used for 
MALDI, including frequency-quadrupled or tripled Nd:YAG lasers (266 and 355 
nm), nitrogen laser (337 nm), and excimer lasers (193, 248 and 308 nm). Laser 
wavelength at IR region (TEA-CO2 and Er-YAG lasers) is also used to produce 
large biomolecule ions. A variety of matrices have been discovered for MALDI at 
different wavelengths. However, the mechanism of MALDI is still not clear now. 
The understanding of desorption/ionization process will help how to choose 
"efficient" matrix. It is believed that matrices serve three major functions: 
• Matrix isolation: analyte molecules are separated from each other by matrix 
molecules. The ability of a matrix to form a "solid solution" of analyte 
molecules is essential (10). Then, a homogeneous dried mixture of matrix and 
analyte on sample holder can be obtained. 
• Vaporization: matrix molecules absorb energy from the laser pulse and 
transfer it into excitation energy of the solid system. Thereby an 
instantaneous phase change of a microvoltime of the sample is induced. This 
happens in a collective process. The non-destructive vaporization of fragile 
biomolecules is the crucial step for MS analysis. During the energy transfer 
process, two competing effects exist, including the energy transfer from the 
matrix to the analyte and the desorption by sublimation. When a sufficiently 
high rate of sublimation can be achieved, the anals^te molecules will desorb 
internally cold and will not fragment (11-15). The survival of the fragile 
analyte in the high-energy region is due to the poor energy transfer between 
the matrix and analyte molecules. 
• Ionization: the matrix plays an active role in the ionization of analyte 
molecules. Hillenkamp (16) suggests photoionization of matrix is the common 
initial ionization step followed by ion-molecule reactions between matrix and 
analyte. The analyte is ionized by proton transfer ([M+H]+, [M-HJ+) or cation 
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attachment ([M+Na]-^, [M+K]*). These reactions are assumed to take place 
within the first tens of nanoseconds. 
The above requirements for a good matrix can explain why only a limited 
number of compounds can be used. Hillenkamp showed that the use of a 
comatrix will increase the ionization efficiency (17). The absolute signal 
intensities of the analyte increased by a factor of 50 when using 10% additive 2-
hydroxy-5-methoxylbenzoic acid compared with neat 2,5-dihydroxybenzoic acid 
as the matrix. Actually, most of the sample evas ejected as neutral. The number 
of neutrals exceeds the number of ions by a factor of 10^ to 10^ (18). Therefore, 
the sensitivity of MALDI can be further improved by enhancing the ionization 
efficiency. 
Sample preparation 
The preparation of samples for MALDI analysis is quite simple and fast. 
A 5-10 g/1 solution of the matrix is prepared. Smtable amounts of 10-5-10 ® M 
solutions of the analyte are mixed with matrix solution to 5rield a molar ratio 
ranging from 100:1 to 50,000:1. l|il of the mixtxire is then applied to a sample 
probe and dried at room temperature or imder vacuvim (19,20) When inspected 
under a microscope, samples prepared in this way appear to be inhomogenous. 
Sample preparation is the crucial step in MALDI. In conventional preparation 
method, the resulting surface can be quite inhomogeneous leading to signal 
variations over the surface of the probe. Good mass spectra can only be obtained 
at "good spots" which apparently have incorporated an optimal number of 
analyte molecules. Recently, a new sample preparation method which can 
produce homogenous sample surfaces has been developed (21). The matrix 
solution is applied to the probe tip in a highly volatile solvent, e.g. acetone, to 
obtain very fast evaporation of the solvent. This leads to the formation of a thin 
and homogenous film of matrix. A small amount of anal3rte solution is then 
placed on top of the matrix surface, and the liquid is allowed to evaporate slowly. 
( 
Another method to improve sample homogeneity is the addition of several 
matrix components to form a multi-component matrix (22), such as comatrix of 
ferulic acid and fucose. Sample drying is accelerated in high-flow nitrogen at 
room temperatiu-e. In addition to the matrix composition and solvent, an 
important element of the sample-matrix preparation procedure is the matrix 
crystalization step. During matrix crystallization, analjrte partitions between 
the growing matrix crystal lattice and the bulk solution (23). Under rapid 
crystallization conditions, there is insufficient time for extensive partitioning of 
analyte between the growing matrix crystal and the solution phase. Thus, the 
analyte in solution quickly become "captured" in the matrix crystal, and an 
uniform sample is formed. The dried sample can be furthermore cleaned from 
inorganic salts by immersing the dried sample in cold distilled water (24). 
Characteristics of MALDI 
Peptides and proteins can be analyzed in the mass range between 500 and 
500,000 Da (25). The actual mass limit seems to be limited by the currently 
available ion detectors rather than by the ion desorption process. MALDI has 
excellent sensitivity, usually < 1 pmol of sample is loaded (26). 1 finol detection 
limit can be achieved under favorable conditions (19). Almost all of the sample 
remains imaffected by the laser desorption process and can be regained after 
analysis. It has been estimated that only lO-i^ mol of sample is used by a single 
laser shot (27), which corresponds to 6x10® molecules/pulse. Since usually 10-20 
single shot spectra are averaged for improvement of the signal-to-noise ratio, 
only about 2 % of sample is used up by MALDI mass analysis. 
MALDI is a "soft" ionization technique: parent ions are seen without 
significant fragmentation. Mixture analysis and data interpretation is straight­
forward, either for complex mixture, or for cleavage peptides as obtained by 
enzymatic or chemical digestion of proteins (28). In addition, MALDI can 
tolerate relatively high concentration of impiirities without substantially 
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degradation of mass spectra. The tolerance limits of salts, buffers and detergents 
were found to be approximately 10-2 M (19,29). Buffers and salts normally exist 
in biological samples do not have to be removed before analysis. This feature 
also enables the use of technique in direct combination with chemical reactions. 
The ability to perform a specific chemical reaction by the direct application of a 
reactant to the matrix/peptide sample remaining on the probe tip after initial 
MALDI-TOF MS has been demonstrated (30). 
MALDI MS as a tool for molecular weight determination is superior to 
classical methods such as SDS gel electrophoresis, or gel filtration. Beavis and 
Chait showed mass accuracy of 0.01 % with MALDI TOF MS by using an 
internal calibrant (24). When coupling with Fourier Transform MS, the mass 
accuracy is better than 0.0005 % (31,32). There is no limitation on application 
caused by primary, secondary, or tertiary protein structure. Proteins with widely 
divergent properties, including glycoproteins that contain large mass fractions of 
carbohydrate, can be analyzed. Other groups of biopolymers, such as 
polynucleotides, underivatized oligosaccharides, and glycolipids can also be 
investigated. MALDI is a valuable tool for molecular weight determination of 
biomolecules (33). Therefore, the complex formation, such as protein-
oligonucleotide or antigen-conjugate, can be differentiated according to the 
presence or absence of complex ions (34-36). The molar ratio and the size of the 
complex molecule can be determined by molecular weight. Liang Li also 
demonstrated that the MALDI technique can be used for monitoring an 
enzymatic reaction directly from crude senun without separation or purification 
process (37). 
Quantitative analvsis 
The main problems associated with MALDI quantitative analysis are poor 
shot-to-shot reproducibility, crystal inhomogeneity and signal degradation. 
Unfortunately, the poor reproducibility of this technique means that for a series 
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of analyte/matrix sample prepared imder identical conditions, the detector 
response is remarkably variable. Harvey (38) showed that quantitative 
measurements can be done by adding an internal standeu-d. A prerequisite for a 
suitable internal standard is that it should mimic the behavior of the analyte at 
all stages during sample preparation and analysis (39). Structural analogues, 
homologues and stable-isotope-labeled compounds have been used in 
quantitative mass spectrometry. A linear correlation can be attended between 
analyte quantity and signal ratio of anal3rte molecular ion signals to internal 
reference molecular ion signals. When the method is used for protein analysis, 
linear relationships were observed over at least one order of magnitude. The 
average relative errors were on the order of -15 % (40). The incorporation of 
appropriate internal standards makes it possible to control for shot-to-shot, and 
sample-to-sample variability, and thereby obtain useable quantitative data. 
MALDI has also been used to determine the molecular weight distribution of 
biopolymers (41,42). Even in different instniments, the data are in good 
agreement. 
Applications 
The main application of MALDI is determination of the molecular masses 
of proteins and peptides (33). The technique is valuable for applications 
requiring molecular mass determinations, such as initial characterization of 
proteins, the confirmation of the correctness of a previously determined protein 
sequence, and the detection and elucidation of post-translational modifications 
in proteins. The information can be obtained rapidly (in less than 15 minutes) 
from a total quantity of 1 pmol of protein. Another important application of this 
method is sequencing of peptides and proteins. Lubman (43) demonstrated 
peptide mapping by CNBr degradation on a nitrocellulose membrane followed by 
MALDI MS analysis. Another approach for peptide sequencing is to detect 
metastable decay ions by a refiectron TOF MS (44). There is no immediate 
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fragmentation from the desorption process in MALDI. Metastable decay of laser 
desorbed ions takes place in the field-free drift region. In a linear TOF 
instrument they are detected at the same time as the parent ions. Metastable 
fragments can be distinguished from parent ions by a reflectron TOF MS. 
Peptide sequencing by metastable decay has been obtained for various peptides 
(45,46). Because of the high sensitivity in MALDI, it is also used to study the 
peptide compositions of a single neuron cell (47). 
There are no restrictions on the types of biopolymers which can be 
analyzed by MALDI. Spectra of oligosaccharides (48) as well as lipases (49) have 
been obtained. Using ice as matrix, DNA segments ranging in size from 8 to 60 
nucleotides have been successfully analyzed (50,51). 3-hydroxypicolinic acid (3-
HPA) is a good matrix for mixed-base oligonucleotides, parent DNA ions can be 
determined up to 150 base-pairs (52). With the use of the nitrocellulose 
substrate, DNA fragments of up to 622 basepairs in complex mixtures provide 
mass spectra with minimal sample pxirification (53). A mock DNA sequencing 
using MALDI has been demonstrated (54). The separation time for various sizes 
of DNA in a TOF mass spectrometer is usually less than 1ms, compared to 
SOmin needed by running gel electrophoresis. Therefore, MALDI MS has the 
potential of replacing gel electrophoresis for direct analysis of DNA sequencing 
reaction mixtures, enz3nnatic digests of DNA, and the polsrmerase chain reaction 
(PGR) products for sequencing, mapping and screening. 
Besides of biomolecules analysis, another important application of MALDI 
is characterization of polymer (55). Molecular weight and distribution of polymer 
can be estimated. The information provided by MALDI-TOF MS agrees with the 
values obtained by conventional techniques in case of polymer samples with 
narrow molecular weight distributions. 
Because MALDI has high sensitivity, tolerance to impurities, and wide 
mass range, these features make it feasible to couple with separation 
techniques. Using MALDI as a detection scheme for separation techniques, it 
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provides fast and accurate characterization of compounds. Direct analysis of 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
separated proteins electroblotted onto membranes using MALDI MS has been 
demonstrated (56,57). A 2-D laser scan of thin layer chromatography (TLC) can 
be done by adding matrix solution (58) or processing matrix layer (59) onto TLC 
plate. Aerosol MALDI (60,61) and continuos-flow MALDI (62) will make it 
possible to combine liquid chromatography (LC) and capillar^' electrophoresis 
(CE) with MS for on-line detection of high molecular weight biochemicals. 
Conclusions 
Because there are numerous advantages and features, MALDI should 
become a valuable tool in the field of biochemical analysis. Anal5rtical 
applications of this technique have already confirmed its versatility and 
practicability. It has shown the high potential for molecular mass determination 
of large molecules. Improvements in mass resolution and mass accuracy as well 
as in optimization of sample preparation techniques will further the use of this 
technique. Different wavelength/matrix combination for particular applications 
will undoubtly be found in the future and will increase the versatility of the 
method. 
Capillary Electrophoresis-Mass Spectrometry 
Capillary electrophoresis (63-67) is a micro-scale separation technique, 
v^hich has a number of practical advantages over conventional separation 
methods. Among them are high separation efficiency, high speed, and economy 
of sample size. Separation by CE is based on the difference in charge-to-size 
ratio of the analytes. Fig. 2 shows a regular CE setup. Separations are carried 
out in a 10-100 |im i.d. fused-silica capillary. Application of capillary colimin 
Schematic set-up of general capillary electrophoresis. In general, 25-75 nm i.d. capillaries and 20-30 
kV separation potential are used. 
capillary 
anode 
inlet buffer reservoir 
+ 
detector 
cathode 
cc 
outlet buffer reservoir 
High Voltage 
Power Supply 
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results in a very efficient dissipation of heat that permits the use of high 
potentials (10-30 kV) for separation. The use of high-potential field leads to 
extremely efficient separations with a dramatic decrease in analysis time. A 
buffer-filled capillary is placed between two buffer reservoirs, and a potential 
field is applied across the capillary. Ionic solutes then differentially migrate in a 
homogeneous buffer to provide discrete, moving zones. For most systems, 
electroosmotic flow is toward the cathode; hence, a detector is placed at this end. 
Injection of solutes is performed at the anodic end by either electromigration or 
hydrodynamic flow. CE separations with plate numbers in excess of 10® have 
been demonstrated. It is advantageous in solving problems where high 
separation efficiencies are required in the case of analyzing very complex 
biological mixtvires and where the sample amount is limited. An extreme case is 
the analysis of the contents of a single cell (68). However, the limited loadability 
of CE also poses high demands on the detector sensitivity. In addition, the 
detection technique must not disturb the electric field across the column. This 
has led to a great deal of effort towards the development and improvement of CE 
instnmientation. Table II shows different detection modes for CE, many of 
which are similar to those employed in HPLC. 
Table II. Detection modes developed for capillary electrophoresis 
Detection Principle Representative Detection Limit (moles) 
Absorption 
Fluorescence 
10-15 . 10-13 
10 " -10-20 
Indirect fluorescence 
Mass Spectrometry 
Electrochemical 10-16 . 10-19 
10-14 X 10-17 
5 x 10-17 
15 
Why one would want to interface capillary electrophoresis with mass 
spectrometry? There are four major reasons: the first is that MS is an universal 
detector. Although fluorescence detection provides best sensitivity, not every 
compound has fluorescence. Sometimes, derivatization is needed for fluorescence 
detection. In MS, nearly all compoimds have some type of mass spectrum. A 
second reason is that MS is a sensitive technique. A detection limit of finol is not 
difficult to achieve. A third incentive to couple CE and MS is that overlapping 
components can be distinguished by their mass spectra. The last reason is the 
structural information obtainable by MS, making the combined techniques truly 
useful for the determination of unknown analytes. CE-MS combines the 
advantages of CE and MS so that information on both high separation efficiency 
and molecular masses and/or fragmentation can be obtained in one analysis. 
The first paper on CE-MS was published in 1987 by the Smith's group 
(69). After that, CE-MS has undergone significant development both in 
instnraientation and applications. Several reviews on the coupling of CE and MS 
have appeared. (70-74) 
Instrumentation 
The instnunental arrangement typicsJly used for CE/MS is shown in Fig. 
3. Unlike in a normal CE set-up, the cathode end of the capillary cannot simply 
be placed in a buffer vial. A crucial feature of any CE/MS interface is the method 
used to establish the electrical connection at the CE capillary terminus, which 
serves to define the electric field gradient along the CE capillary. In the first 
CE/MS interface (69), the electrical connection was made by inserting the 
capillary into a stainless steel capillaiy sheath (300 ^m i.d. and 450 pjoa o.d.), see 
Fig. 4(a). The stainless steel capillary ensures immediate electrical contact with 
the solution flowing out of the fused silica capillary. In the second prototype 
General illustration of a CE-MS instrumental arrangement. The instrument consists of CE 
separation, CE/MS interface, and mass spectrometer. 
CE-MS 
Interface 
CE HV 
Sample 
^ Mass 
Spectrometer 
i 
Jj L 
m/z Time (min) 
Fig. 4 Schematic illustration of electrical connection in CE-MS interface 
(a) a stainless steel capillary tubing 
(b) etched capillary with silver coating; 
(c) sheath flow; 
(d) insertion of of a 25 fim gold wire. 
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(a) original CE/MS interface (b) etched silver coated-capillary 
electrical lead electrical lead 
CE capillary 
stainless steel capillary silver coating 
(c) Sheath flow (d) Insertion of wire 
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Fig. 4(b), the electric contact to the buffer solution was improved by the 
deposition of silver on the fused-silica capillary. Fig. 4(c) shows that a sheath 
flow of liquid (75) provides electrical contact at cathode end and a suitable 
solvent conditions for ionization. Recently, an easy way to make connection is by 
inserting a small wire into the end of the capillary (76), see Fig. 4(d). 
CE is a liquid-phase separation technique. In order to couple CE with MS, 
an interface must be present. Most interfaces applied in CE-MS are adaption of 
interface developed for LC-MS. Three ionization methods are currently available 
for CE-MS: continuos-flow fast atom bombardment (CF-FAB), electrospray (ESI) 
and ion spray. These ionization techniques have opened the door of mass 
spectrometry to the analysis of polar, nonvolatile compounds. The analysis of 
biological compounds, such as peptides and proteins, using these ionization 
techniques has gained widespread interest in recent years. 
Electrospray 
ESI was first demonstrated by Zeleny in 1917 (77). However, a recent 
breakthrough was reported by Fenn (78) in 1984. They saw multiply charged 
species with an ESI interface. This finding has revolutionized the applicability of 
conventional mass analyzers of limited mass-to-charge range to biomolecules 
analysis. In an electrospray interface, a continuous flow of liqmd, typically 1-10 
|il/min, is nebulized as very small droplets (<1 ^un droplet size) into an 
atmospheric-pressure ion source by the action of a strong electric field. These 
charged droplets are rapidly reduced in size by solvent evaporation and repeated 
droplet disintegration results in extremely small and highly charged droplets 
capable of forming gas-phase ions. Single ions are released fi-om very small 
droplets by solvent evaporation. Then the ions are introduced through a small 
pinhole into the high vacuum of the mass spectrometer (79,80). A schematic 
diagram of the electrospray interface is shown in Fig. 5. Usually, the spray 
needle is at a potential of 3-5 kV, while the counter electrode is at ground 
Fig. 5 Detail of the electrospray ionization interface tip and nozzle region. The sheath syringe pump and 
SFg gas flow are used to assist the electrospray operation in some designs. 
sheath electrode 
liquid 
electrospray 
fused silica 
capillary 
flow mixing region 
V 
lens skimmer 
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potential. A conductive terminus of CE capillary is needed to complete the CE 
circuit and initiate the electrospray. So far, ESI has been successfully used for 
the coupling of separation techniques such as LC and CE. 
Typically flow-rates from the CE sepeiration capillary are in the range of 
0-100 nl/min. In ESI interface, 1-10 ^il/min flow rate is required to get stable 
spray. Thus addition of a make-up liquid is needed which serves not only as an 
additional flow but also in establishing electrical contact between the CE buffer 
and the electrode. The make-up liquid is typically a solution of water containing 
a high percentage (50 % or more) of an organic solvent, such as methanol or 
acetonitrile. The solution can be added by means of a sheath capillary (81,82) or 
a liquid-jimction coupling (83). The advantage of sheath-flow (Fig. 5) is the 
ability to independently optimize the compositions of the sheath solution and the 
CE buffer solution. The CE buffer solution can be optimized for highest 
separation efficiencies, while the sheath solution can be altered independently 
for optimal analyte ionization. Also the flow rate of sheath solution and CE 
separation can be independently optimized. Since the CE capillary extended to 
the tip of the ESI interface and no additional mixing volumes and metal surface 
were involved, zone broadening is prevented. In liquid jvmction coupling, the 
eluent flows out of the separation capillary and mixes with the make-up 
solution, then flows into the transfer capillary. The gap between the two 
capillaries is 25 ^m. Since there is a dead volume between the capillaries, 
resolution will be lost. The sheath-flow configuration has been the most widely 
accepted interface for CE-ESI-MS applications. With the use of make-up 
solution, a lot of ionic and neutral species are introduced into the interface. The 
added species will compete for the available charge in the ESI process. In 
addition, they will contribute to the chemical noise (84). The maximimi 
sensitivity obtainable is lowered, to an extent which depends on the details of 
mixing the analyte and sheath-liquid streams. In addition, the stable signals 
from sheath-liquid type source is diflRcult to obtain for extended periods of time. 
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In order to get high sample utilization efficiency and better overall 
performance for ESI interface, a sheathless interface is developed. Chowdhury 
and Chait have described a non-sheath ESI source that functions at 
conventional electrospray flow rate (85). Later Smith incorporated an etched tip, 
small-diameter, fiised-silica capillary (5-20 |Am i.d.) to develop a sheathless 
interface at relatively low flow rates (typically <0.25 |il/min) compared to 
conventional ESI source (1-10 ^1/min) (86,87). It is advantageous for the analysis 
of small sample volumes (<2 ^il). A coaxial sheath gas of sulfur hexafluoride 
(SFe) was applied to suppress the corona discharge at the sprayer tip. In the 
sheathless interface, the onset potential required to obtain a stable electrospray 
is lower (2 kV), and a sharp capillary tip allows the spray of aqueous solutions 
before the onset of corona discharge. The non-sheath design eliminates the 
contribution of partially ionized species originating from the sheath, resulting in 
more effective ionization of the analyte and more effective utilization of the 
reduced electrospray current. It provides higher analj^e signal intensities, 
typically 4 to 10 times greater, when compared to the standard methanol-sheath 
design. Also, the sheathless source can operate at flow rates of magnitude 
similar to those of CE. A sheathless ESI interface was developed and coupled to 
a time-of-flight mass spectrometer by Zare (76). The detection limit of the system 
is 40-80 fmol. Sheathless interface makes it possible for direct transfer of 
optimum CE separation condition to CE-ESI-MS. 
There are several advantages of the sheathless version including great 
sensitivity, lower required flow rates and long-term stability. It was found that 
the sheathless configuration also eliminated the possible interferences from the 
sheath solvents such as charge state distribution shift. 
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lonsprav 
The ion spray interface (88,89) is also an interface based on an 
atmospheric-pressure ion source. The major difference from electrospray is that 
in the ionspray interface the nebulization is assisted by a gas stream 
surrounding the electrospray needle. As a result, buffer flow rates up to Iml/min 
(90) can be introduced, whereas pure electrospray has been restricted to flow-
rate below 10 nl/min. Ikonomou et al. (91) have published a comprehensive study 
on the comparison of the mechanisms and performance of ESI and ISP. Both ISP 
and ESI require a high capillary voltage. However, the droplet formation in ESI 
is due to the instability introduced by the surface charging, in ISP the droplet 
formation is almost entirely due to the turbulent flow of the imposed nitrogen 
gas current. Thus, in ISP a fine mist of droplets can be observed even in the 
complete absence of a capillary voltage with the optimiim ISP nitrogen gas flow 
of 60 psi is applied (91). For ISP operated at normal voltage conditions, the 
transport of charge between the capillary tip and the interface plate is not only 
due to drift of the droplets and ions in the electric field but also due to convection 
by nebulization gas. 
Because of higher flow in ionspray, a make-up solvent system is needed 
for coupling CE with MS. Liquid junction interfaces (83,89) can be used to 
compensate for the different flow-rates required by ISP and CE. The liquid 
junction was constructed from a stainless-steel tee. The cathode end of the CE 
capillary and the end of ISP needle were positioned in the center of the tee 
opposite each other with a gap of 10 to 25 fun. The top opening in the tee was 
fitted with a make-up liquid reservoir. Another method for introducing make-up 
solvent is to use sheath-flow system. The interface is similar to that described 
for ESI system except the addition of a coaxial nebulizing gas. Pleasance et al. 
(92) reported a comparison between the liqmd junction and coaxial interfaces. 
They found the migration times are longer in case of the liquid junction. This is 
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caused by the resistance of transferring eluent from separation capillary to 
transfer capillary. Also liquid junction interface causes additional band 
broadening. Sheath-flow configuration is more reproducible since the make-up 
flow is delivered independently of the CE effluent. 
Continuous-flow fast atom bombardment (CF-FAB) 
Continuous-flow FAB was reported by Ito et al. (93) in 1985. In a CF-FAB 
interface (94), a continuous flow of liquid, typically 5-15 fil/min, is introduced 
through a 50-75 ^im i.d. fused-silica capillary to a metal target which is 
positioned in a high-vacuum ion source. The ion source is at high potential (4-8 
kV). A schematic diagram of the interface is shown in Fig. 6. The solvent should 
contain 1-5 % of glycerol to retard evaporation and to serve as matrix in the FAB 
ionization. The liquid forms a imiform film on the target. Ionization of the 
analytes is achieved by bombardment with 8 keV xenon atoms. Part of the liquid 
then evaporates from the target sxirface, while the excess liquid is collected on a 
so-called wick which is a piece of compressed paper placed at the bottom of the 
ion source. Since the outlet end of the CE capillary is in the high-vacuum ion 
source, a significant vacuima-induced flow is observed. The vacuimi-induced flow 
is about 4 jil/min for a 75 fim i.d. capillaiy. This vacuum-induced flow results in 
a significantly reduced efficiency in CE as it induces a parabolic rather than a 
plug-type flow profile. These effects could be minimized by decreasing the i.d. of 
the CE separation capillary down to 13 (im. The FAB matrix (glycerol-water) 
used in the CE-FAB-MS system can be modified with heptafluorobut5rric acid 
(pH 3.5) for positive ion detection or ammonium hydroxide (pH 9) for negative 
ion detection. In some applications (95), peptides are separated by CZE as 
negative ions but detected by MS as positive ions. The change in charge takes 
place on the tip of the FAB probe, where the basic CE buffer mixes with the 
acidic FAB matrix (pH 3.5). 
Continuous-flow fast-atom bombardment interface for CE-MS. Solvent containing 1-5% of glycerol to 
serve as matrix in the FAB ionization is introduced into the interface by sheath flow. 
CE capillary 
stainless-steel 
FAB tiD^^ FAB matrix inlet fused-silica 
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Xe-gun 
capillary 
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29 
The liqtiid junction interfaces have been described by several groups 
(96,97). Its construction is similar to that used in electrospray. With this 
interface, van der Greef showed the concentration detection limit of 
dextromethorphan was 1 ng/ml. They also estimated that the theoretical plate 
number was 115,000 before the liquid jimction, while post-capillary detection 
results in a plate number of 10,000. Although a considerable loss in plate count 
is observed, a plate number of 10,000 is still very favorable compared to the 
efficiencies obtained by other separation methods. An advantage of this interface 
when coupled to CF-FAB ionization is that a CE capillciry of 50 to 75 nm i.d. can 
be used, thereby allowing a higher loading capacity of the anal3^es. In addition, 
this interface is more tolerant of CE buffers containing salts, owing to the 
dilution of the nanoliter per minute flow of the CE buffer with the microliter per 
minute flow of the FAB matrix solution. 
With the coaxial CF-FAB interface (97-99), the CE capillaiy is generally 
withdrawn slightly into the sheath column to minimize the evaporation effect of 
the vacuum system on the CE buffer solution. The coaxial configuration allows 
independent optimization of the composition and flow rates of the CE effluents 
and the FAB matrix, minimal band broadening and precludes any deleterious 
effects of the polar viscous FAB matrix on separation process. The sheath-flow 
interface for CE-CF-FAB-MS is almost identical to those for CE-ESI-MS with 
the exception of sheath flow being a FAB matrix solution. The main 
disadvantage associated with the coaxial design lies in coupling it with CF-FAB 
ionization which has the requirement that the inner diameter of the CE column 
is significantly smaller (10-15 pjn i.d.) than when the liqviid junction interface is 
used. To prevent overloading, very small sample volvmies are injected onto these 
columns. As a result, the limits of detection, in terms of the anal3^e 
concentration, are decreased. 
Several research groups have compared the electrospray and CF-FAB 
with regard to the performance of CE-MS (100,101). Some larger i.d. capillaries 
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can be used for the ESI interface, the loading capacity should be greater than 
those using the coaxial sheath-flow CF-FAB interface where only small i.d. 
capillaries can be used due to the pressure drop at the source region. Both of the 
two ionization methods provide comparable sensitivity (5-50 pmol) when full-
scan spectra are required for peptide digests. However, electrospray produces 
multiply-charged molecular species, an advantage that permits the analysis of 
molecules of significantly higher molecular weight than the upper mass limit of 
the spectrometer. CF-FAB gives high intensity [M+H]+ ions, this will limit the 
upper mass range by the tj^je of mass spectrometer. 
OfT-Iine CE-MS 
Ionization by desorption methods such as MALDI (1,2) is very useful for 
the characterization of large molecules. However, on-line CE coupling of 
desorption MS has not yet been reported. Takigiku et al. (102) described the use 
of a porous glass joint near the cathode end of CE column to complete the 
electrical circuit. They collected fraction of eluent onto a PVDF membrane for 
desorption MS. Usable mass spectra were obtained with as little as 100 fmols of 
a-lactalbumin injected on-column. Another design of off-line CE & MALDI-MS 
use a coaxial sheath-flow sample collection device (103). Using a coaxial sheath-
flow, CE fractions were mixed with matrix solution and collected, and then 
analyzed by MALDI-TOF-MS. Recently continuous-flow matrix-assisted laser 
desorption ionization time-of-flight mass spectrometry coupled with liquid 
chromatography has been developed by Li (104). Li also developed a pulsed 
sample introduction interface (105,106). In the future, these two interfaces may 
be used for on-line coupling of CE with MS. 
Applications 
The majority of applications of CE-MS has been in the field of biological 
and biochemical studies. Especially ESI interface, the formation of multiply-
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charged molecular species makes the analysis of large biomolecules possible. The 
separation and determination of peptide mixtures, protein mixtures are 
represented by several papers (100,101). A CE-FAB-MS system can separate 
small amounts of neuropeptides (60-76 fimol/component) with efficiencies 
ranging from 220,000 to 480,000 theoretical plates (99). Smith (87) used a CE-
ESI-MS to analyze the tryptic digest of proteins, where the injection sample 
amounts are in the 30 femtomole. The use of small i.d. capillaries which are 
chemically modified with aminopropylsilane, will increase the sensitivity for 
both peptide and protein mixtures (107). The application of CE/ESI/MS for the 
determination of the components of the complex snake venom from Dendroaspis 
polylepis has been demonstrated. CE/MS was used to detect and identify PAH 
diol epoxide adducts to DNA (109). The application of sample stacking 
significantly increases the concentration detection limit (to approximately 10 ® 
M)(109). 
CE-MS is finding increasing applications in the analysis of 
pharmaceutical and drug metabolism. CE-ISP-MS was used for the 
determination of isoqviinoline alkaloids (110). Analysis of synthetic mixtures 
containing nine related isoquineoline alkaloids provided full-scan mass spectra 
for these compovmds with injected quantities as low as 370 attomole. 
Quantitative analysis was carried out using tetrahydroberberine as an internal 
standard. Naylor (111-113) demonstrated the use of non-aqueous CE conditions 
for the separation of hydrophobic drugs and their metabolites and indicate the 
compatibility of these methods with on-line CE-MS. Non-aqueous (methanol) CE 
electrolytes provided better resolution and detection sensitivity compared to 
aqueous systems or highly aqueous mixtures. Nonaqueous methanol also 
permits the use of lower ES voltages presumably owing to its lower surface 
tension, which facilitates droplet breakup. The CE resolution of tamoxifen 
metabolites has been further improved by adding SDS to methanolic electrolyte 
(114), although the presence of SDS tends to lower ESMS detection sensitivity. 
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CE-MS has also been applied to the determination of compounds of 
environmental concerns such as pesticides, inorganic compounds and dyes. A 
CE-ISP-MS determination of sulfonylurea crop-protection agent was 
demonstrated by Henion (115). Full-scan collision-induced mass spectra were 
obtained from 30 pmol levels of standard. CZE can separate sulfonated azo dyes 
with short analysis time and high separation efficiencies (116). Ion spray MS is a 
sensitive method of detection for sulfonated azo dyes when operated in the 
negative mode. Pesticides can be analyzed by CE-MS, and the ion trap was used 
to provide structural information about [M+H]* ions formed (117). The MS/MS 
spectra generated in the ITMS were less susceptible to interference from matrix 
components. 
Conclusions 
The coupling of capillary electrophoresis with mass spectrometry (CE/MS) 
offers added capability by providing important information necessary for the 
identification and confirmation of compounds in complex mixtiires. With the 
small sample size, high separation efficiency, speed of CE, CE/MS will have a 
significant effect in the biological area. The major limitation of CE is the limited 
sample volumes that are injected (1-10 nl). Consequently, the concentration 
detection limit is not low enough for some real-world applications. Approaches to 
improve the concentration sensitivity of CE-MS include on-line preconcentration 
(118). Another solution to increase the sensitivity of CE-MS is the development 
of alternative types of mass spectrometers which offer the potential for greater 
sensitivity, such as ion traps (110,117), Fourier transform ion cyclon resonance 
and time-of-flight (TOF) (76,119) mass spectrometers. Table III contains the 
comparison of different mass spectrometers for CE/MS. Currently the efficiency 
of ion transport from an atmospheric pressure ESI source to the quadrupole MS 
is approximately lO-^. IT mass spectrometer provides higher transmission 
Table III. Performance characteristics for mass spectrometer 
with potential for CE/MS 
Mass 
spectrometer 
Ion utilization 
efficiency 
Spectra/s Resolution Cost 
mL 
Quadrupole 
Orthogonal 
time-of-
flight 
ITMS 
FTICR 
10-3 -10-4 
0.03 - 0.8 
0.1-0.5 
0.03 - 0.3 
1 103 
104 200-1000 
1-5 103 
0.05-0.5 104 - 105 
200-400 
150-200 
200-300 
400-500 
Estimate based on scanning operation or duty cycle. Based on the efficiency with which a continuous ion 
current contributes to useful signal but does not consider trapping efficiency of ion trap mass spectrometry 
(ITMS) or FTICR instruments. 
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efficiency. FT-ICR-MS has the advantages of high sensitivity, ultra-high 
resolution, and extensive capabilities for tandem MS (MS"). TOF-MS offers the 
greatest scan speeds and possibly the best achievable sensitivity (potentially 
using nearly eveiy ion transmitted into vacuum). 
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INSTRUMENTATION 
Time-of>flight Mass Spectrometry 
A mass spectrometer is used to detect ions and provide molecular weight 
information. Since laser ionization provides a pulsed ion source, it is amenable 
to couple with time-of-flight (TOF) mass spectrometer (120-123). A TOF mass 
spectrometer can display a complete mass spectnmi for each laser pulse, so 
spectra can be obtained for very small amounts of sample. The speed of TOF MS 
is very fast; the repetition rates are up to lOOkHz. In principle, an unlimited 
mass range can be achieved, this is suitable for the study of large biomolecules. 
In addition, the transmission efficiency in TOF mass spectrometer is high. 
Moreover, the TOF mass spectrometer is mechanically simple and easy to 
construct, which provides simple operation and maintenance with low cost. 
The first TOF mass spectrometer was built by Cameron and Eggess in 
1948 (124). This instrument had a very low resolving power, about 2. The second 
instrument used a pulsed electron beam to create ion packets and had a 
resolving power of about 20 (125). The limitation of the resolving power is 
because of the different initial velocity and space distributions of the molecules 
in the ion source at the time of ionization and acceleration. In 1955 Wiley and 
McLaren reported dual-grid acceleration (126), which could enhance the 
resolving power. In 1957, Bendix made the TOF mass spectrometer 
commercially available. The application of TOF mass spectrometry is limited by 
low resolving power. The renaissance of interest in this instniment is a 
consequence of the development of new ionization techniques such as plasma 
and laser desorption, which exploit the time-of-flight spectrometers' unique 
ability to provide a complete mass spectrum per event, and its high mass range. 
Although a conventional TOF mass spectrometer provides limited resolution, if 
higher resolution is required, a reflectron TOF mass spectrometer can be used to 
obtain a resolution as high as -10,000 (127). 
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Principles 
The basic operating principle of TOF-MS is the separation of ions of 
different mass to charge ratio (m/z) based on their difference in velocities when 
accelerated through a given electrostatic potentieil. As all ions are accelerated to 
equal kinetic energy, ions of higher mass achieve a lower final velocity on exiting 
the ion acceleration region of the soiirce than do ions of lower mass. The 
accelerated ions are then allowed to drift in a field fi"ee region where ions of 
different m/z are spatially separated owing to their different velocities. At the 
end of the drift region, these ions sequentially strike an ion detector and their 
flight times are recorded. 
Ideally, all ions enter the drift region with the same kinetic energy (U) 
U = qEs ...(1) 
where q is the ntimber of charges, E is the electric field, s is distance of source 
region, ions will have velocities (v) 
V = (2qEs/m)i/2 . .(2) 
The flight time (t) required to transverse the drift region, D is the length of the 
drift region 
t = (m/2qEs)^2 xD ...(3) 
so that the time spectrum can be converted to a mass spectrvmi 
m/z= 2qEs(t/D)2 ...(4) 
In our experiment, a Wiley-Mclaren type linear TOF mass spectrometer is 
used. Fig. 7 shows the geometry of the dual-grid TOF mass spectrometer. 
Assume ions formed with initial energy Uo, the total kinetic energy of ions will 
be 
U = Uo + qsEs + qdEd ...(5) 
Flight time: 
T = Ts + Td +Td ...(6) 
Fig. 7 Wiley-Mclaren dual-grid time-of-flight mass spectrometer. 
D: field-free region 
s: ionization region 
d: acceleration 
source backing plate 
ionization region 
acceleration region 
D 
ion detection 
39 
where Ts = 1.02 (2m)i^/qEs I(Vo + qsEs)i^2 + (Vo)ia!] 
Td = 1.02 (2m)i^/qEd - (Vo + qsEs)i^] 
TD= 1.02(2m)i^D/2ni^ 
...(7a) 
...(7b) 
...(7c) 
The + and - signs in Ts correspond to initial velocities directed respectively away 
from and toward the collector. 
Mass calibration 
If the accelerating voltage (V = Es) and drift length are known, equation 4 
can be used to determine the mass-to-charge ratio (m/z) directly. However, 
masses generally are obtaiined from the empirical equation 
where the constants a and b are determined by measuring the flight times of two 
known masses (such as H*, Na+ and K+) that appear in desorption mass spectra. 
In our experiment, we use Na* and K* peaks as internal standards. Matrix ions 
can also be used as internal standards in MALDI spectra, which improves mass 
accuracy. In general, the more known peaks are used for mass calibration, the 
more accurate the mass measurement becomes. 
Experimental set-up 
The design of the TOF-MS instrument developed is shown schematically 
in Fig. 7. The flight tube is 1 m long. The ion optics are of the Wiley-Mclaren 
dual-grid tj^pe. Both were bought from R.M. Jordan Company (Grass Valley, 
C A ) .  S i x  i n c h  ( V a r i a n  M - 6 ,  1 5 0 0  L / s )  a n d  f o u r  i n c h  ( V a r i a n  M - 4 ,  8 0 0  U s )  
diffusion pumps are used to ptunp the source chambers and flight tube of TOF 
mass spectrometer. Each diffusion pxmip is backed by a mechanical pump (Welch 
dual-seal vacuvun pump 1376 & 1405). Liquid nitrogen filled cryotraps are 
placed above the diffusion pumps to trap oil molecules. The vacuum pressure can 
go down to 3x10 '' torr in 2 to 3 hours. The repeller plate is at 4.1 kV. In addition 
to the repeller plates, two wire grids are spaced 1/2" apart from the extraction 
m/z = at2 + b ...(8) 
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region. The first grid is at 3.9 kV, and the second grid is at ground. Two pairs of 
1.75" ion deflector plates are put behind the ground plate to correct the ion 
trajectories. A variable voltage of -350 V to +350 V are applied to the deflectors 
to maximize the ion signal. 
A Quantel Nd:YAG (Quantel YG481, Santa Clara, CA) laser was used for 
the early experiment. The secondary harmonic radiation (532 nm) from the 
fundamental of Nd:YAG laser was adjusted to the energy range from lO^ W/cm^ 
to 5x10" W/cm2 at 1 Hz repetition rate with a pulse width of 25 nsec. The laser 
beam is attenuated using a pinhole (1 mm to 5 mm). Then the laser was focused 
to a spot diameter of 300 nm using a 21 cm focal length lens. Ions were detected 
with a dual microchannel plate (MCP) detector (Galileo Electro Optics, 
Strubridge, MA), and signals were amplified with a gain of 10®. A LeCroy 9410 
100 MHz oscilloscope was used to observe the signal and record the mass 
spectrum. A whole mass spectrum can be observed and recorded on each laser 
pulse. In order to increase the signal-to-noise ratio, all signals are averaged over 
10 laser pulses with the use of the digital oscilloscope. The traces are then sent 
to a 286 P.C. computer for data analysis. 
Orthogonal extraction 
In the initial attempt, we tried to desorb ions perpendicular to the axis of 
ion acceleration (128). In most desorption techniques, ions have considerable 
initial kinetic energies with initial velocities directed along the TOF axis. Thus, 
there are advantages to extracting ions at right angles with respect to their 
desorption direction. When orthogonal extraction is used, the axial velocity 
dispersion can be minimized. A better resolution mass spectnmi can be obtained. 
In our early experiments, a quartz plate (0.5 cm x 4.8 cm) was used as the 
sample plate. Matrix solution was mixed with peptide solution, then dropped 
(10-20 fil) on the quartz plate. The plate was dried in a vacuum dessicator. The 
sample plate is put between the back plate and first acceleration plate by 
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hanging from top flange. The laser beam passed through a quartz window on the 
chamber and was focused onto the sample plate. Ions form in the first region, 
and turn 90" to enter the TOF field-free drift region. We could obtain mass 
spectrum of molecules where molecular weight is below 2000 Da, such as 
methionine enkephalin, and dermenkephalin. For larger molecules such as 
insulin, we could not successfully collect the ions. The result showed that there 
are difficulties in orthogonal extraction of large molecular ions. 
An important consideration in the design of this configuration is the 
initial kinetic energy of ions formed in the ionization region. If the initial kinetic 
energy of ions is large, then it is difficult to efficiently extract ions into the TOF 
flight tube at right angle. Several groups (129-132) have investigated the initial 
kinetic energy distributions of ions produced by matrix-assisted laser 
desorption/ionization. They fovmd the matrix and analyte ions are formed with 
an initial velocity of 1000 m/s. The width (FWHM) of the velocity distribution is 
approximately 600 m/s. The most interesting feature is that the analyte and 
matrix ions have almost identical velocity distributions. However, the velocity 
distribution of analyte ions show a broader distribution compared with that of 
the matrix ions. These data strongly suggest that the analyte ions are entrained 
in the high-velocity lighter ions and neutral particles from the matrix prior to 
their acceleration in the time-of-fiight chamber. Broadening of the velocity 
distribution of analyte ions might then result from collisions among particles in 
the analyte/matrix cloud. Since ions formed in MALDI have similar initial 
velocities, the kinetic energy of ions increases with mass. When the velocity is 
1000 m/s, the kinetic energy is 1.31 eV for matrix ion (e.g. Neutral Red, M.W, = 
253.28), 29.74 eV for insulin ion (M.W. = 5734) and 4.95 eV for dermenkephalin 
ion (M.W. = 955.2). We use Simion Plot to simulate the ion trajectory. The 
repeller is biased at +15 kV. The first acceleration plate is at the voltage of +12.5 
kV, the second acceleration plate is groimded. Fig. 8(a-c) show the Simion 
Fig. 8 Simion plot simtilation of ion trajectory. 
(a)-(f) back plate is 15 kV, the first acceleration plate is 12.5 kV, the 
last plate is grounded. 
(a)-(c) X, deflector is grounded. 
(d)-(f) the voltage of X, deflector is -350 V. 
(a) Neutral Red; 
(b) Dermenkephalin; 
(c) Insulin; 
(d) Neutral Red; 
(e) Dermenkephalin; 
(f) Insulin. 
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calculations for matrix and analyte ions. With the velocity transverse to 
theflight direction, ions can be extracted into the flight tube, but they are not 
able to hit the detector. We tried to add -350 V (Fig. 8(d-f)) to the XI deflector to 
correct the ion trajectory. For matrix and dermenkephalin ions, they will travel 
toward the detector. However, for insulin ions, they are not affected by the 
deflector. The simulation shows that ions with energies in excess of 5 eV cannot 
be detected by detector at the end of the flight tube. Large biomolecules are not 
successfully steered by the orthogonal extraction. 
Since the orthogonal extraction did not work well for large biomolectdes, 
we switched the geometry to parellel acceleration. The sample is introduced into 
the instrument through a 0.5" diameter aluminum insertion probe. The end of 
the probe is constructed of a 1-inch long segment of ceramic to isolate the 
insertion probe electrically from the high voltages present in the source. A 
circular stainless-steel probe tip with an area of 0.25 cm^ is attached to the end 
of the insertion probe. The sample solution is deposited on the probe. The probe 
is then placed in a vacuum dessicator for drying. The dried sample is then 
inserted flush to the first repeller plate in the mass spectrometer. The stainless-
steel probe tip is thus floated at the same voltage that is applied to the repeller 
plate, which is constructed from a 1.75" x 1.75" polished stainless-steel plate. 
The laser irradiates the sample at an angle of 65® with respect to TOF axis. The 
insertion probe can also be rotated several times to expose fresh sample to the 
laser beam. Later experiments in our laboratory show that insulin ions can be 
detected by the new configuration. 
Detection of low velocity high mass ions 
A need exists in mass spectrometry for a more sensitive method of 
detecting mass ions of biologically important compounds. Conventional means 
for detecting ions in mass spectrometry rely on the production of secondary 
electrons released when incident ions impact on microchannel plate detector. 
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The secondary electrons are used to start the electron multiplication cascade in 
the microchannel plate. The process of secondary electron release is limited by 
an incident ion threshold velocity below which efiGcient ejection of secondsuies is 
poor (133-136). The large ions generated by MALDI move too slowly to generate 
secondary electrons efficiently. 
The secondary electron emission becomes impossible when ions fall below 
a threshold velocity of 10^ m/s. For MALDI, linear instruments with high 
accelerating voltages, 20-20 kV, have been very common. The accelerating 
voltage Va needed for the detection of ions impacting with a threshold velocity 
Vthis Va=(mpM/2e)(Vth)2 ...(9) 
where mp is the proton rest mass, e is the electron charge and M is the ion mass 
in a.m.u. 
In order to detect insulin ions, a threshold velocity of 2x10^ m/s is needed. 
The required accelerating voltage Va is 11.9 kV. In our original set-up, the 
accelerating voltage is 4000 V, maximum molecular weight of ions that can be 
detected is 1900 a.m.u. Then we have to increase the accelerating voltages 
applied to the first two source plates, 15 kV and 12.5 kV respectively. The flight 
tube and ion source system as originally obtained from R.M. Jordan Co. were 
limited by the electrical vacuvim feed-throughs supplied to + 5 kV source 
potentials. A high-voltage vacuum feed though (MDC, Haymard, CA) rated at 25 
kV was added to the flange to accommodate the high voltages used in the source. 
The voltages of two acceleration plates are provided by a high voltage power 
supply (maximum ± 20 kV, Bartan) and a home-made voltage divider. However, 
they do produce low-mass secondary ions from the detector surface that are used 
for the electron multiplication cascade. Ion signals produced in the detector from 
secondary ion species appear to increase in importance as the m/z value of the 
primary ion is increased. This is believed to be due to the lower velocity of larger 
m/z incident ions. The secondary ions that are produced at the ion detector by 
large m/z ions are due to secondary ion sputtering from surface species and are 
47 
not due to surface-induced dissociation reactions of the primary incident ion. It 
is concluded that ion detection by ion-to-ion conversion dominates at high 
primary-ion masses (M.W. > 10,000), whereas low-mass ions induce electron 
emission. 
MicroChannel plate (MCP) detectors are ideally suited for high-sensitivity 
applications due to the very high gain produced from a low-current source. 
However, when used for MALDI, this high gain coupled with high ion flux 
makes the MCP detectors susceptible to saturation especially for the second 
plate, owing to the abundant low-mass ions from the matrix. Each channel in a 
microchannel plate, once triggered, takes several milliseconds to recover. 
Therefore, each channel can only detect a single ion from a given laser 
desorption event (one ion per pulse). If a large number of low-mass ions is 
produced by the laser pulse, both the gain and sensitivity of the detector are 
drastically decreased by the time that high-mass ions arrive. This saturation 
effect can be eliminated by the use of pulse deflection (137,138) or bipolar pulsed 
electrostatic particle guide (139,140). In this method, a pulsed voltage to the 
deflector plate (x or y deflector), which can effectively cut off low-mass ions. The 
use of a bipolar pulsed electrostatic particle guide not only provide ion deflection 
of matrix ions but also enhance ion transmission of higher mass component. In 
1994, an extended d3niamic range microchannel plate detector was placed on the 
market. It was designed to provide highly resolved spectral data for even the 
highest of signal levels. This is accomplished by operating the detectors at a 
pulse width on the order of a nanosecond, with rise times of 500 picoseconds or 
less. The new detector can alleviate satviration effect in MALDI without any 
instrument modification. We upgraded our dual-MCP detector to the triple MCP 
detector. The top two plates are standard MCP and the third plate is an 
extended dynamic range MCP. The top plate could operate at up to -5 kV for 
additional sensitivity of analsrte ions. The gain of the triple MCP detector is 
-5x10"''. 
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Laser Desorption/ionization Interface for CE/MS 
Capillaiy electrophoresis (CE) is usually coupled on-line with mass 
spectrometry (MS) to analyze biomolecules by using electrospray ionization 
(ESI) or continuous-flow fast atom bombardment (CF-FAB). We developed a 
laser desorption/ionization interface for CE-TOF MS. CE, with its flow rates (< 
l^l/min) is highly compatible with MS even if the total colimin eflluent is 
introduced directly. A UV laser is used to vaporize and ionize the solution 
eluting from the capillary. This new interface has the following features; 
• 100% of the sample from CE is transferred into the MS. 
• For the ease of instrumentation and operation, there is no make-up solvent or 
gas needed for the interface. 
• The buffer solution can be totally aqueous without any organic solvents. 
The key to the new interface is the use of a matrix. The matrix plays two 
important roles in the experiment. It acts as an electrolyte in the CE running 
solution, and also acts as a light-absorber to absorb laser energy and transfer 
the eluent into gas phase. In this way, CE can be coupled on-line to MS with a 
simple adaptation. Fig. 9 shows a schematic diagram of the apparatus, which 
consists of two major sections: a capillary electrophoresis unit, and a time-of-
flight mass spectrometer. 
CE separation imit 
Fused silica capillary (Polymicro Technology, Phoenix, AZ) is used with a 
length of 45 cm, an outer diameter (o.d.) of 360 ^im, an inner diameter (i.d.) of 
50-75 |i.m. The CE nmning solution is 0.05-0.5 mM CuCb solution in water 
without pH adjustment. The pH value for the buffer is approximately 5. Since 
the cathode end of the capillary is in the MS, which is under high vacuum at a 
pressure of 4x10-' torr, there is vacuimi-induced pressure flow due to the 
pressure difference. In order to minimize the pressure flow, the samples are put 
in a vacuvim box which is pumped by a mechanical pimip to a pressure of 50-100 
Fig. 9 Schematic illustration of CE-LDI-TOF-MS which consists of capillary electrophoresis, laser 
desorption/ionization interface and linear time-of-flight mass spectrometer. 
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torr. With this method, the pressure flow is kept at 3-4 nl/sec. The CE capillary 
is inserted into a glass capillary (i.d. 500 ^m, o.d. 1/4") holder, and the glass 
holder is put into the MS. The capillary tip is placed at the center of the back 
plate in the MS. Unlike in regular CE set-up, the cathode end of the capillary 
cannot be put into a buffer vial. A high voltage of 4.1 kV is needed to apply to 
the solution to complete the circuit and extract ions into MS. Therefore, a 15 nm 
o.d. Tungsten wire(Johnson Matthey, Ward Hill, MA) is inserted approximately 
1-2 mm into the terminus of the CE capillary (Fig. 10). The other end of the 
wire is connected to the electrical feedthrough which connected to the power 
supply. Before insertion, the tungsten wire is dipped in the solution of 0.3 g 
cellulose acetate/1.5 ml acetone to prevent the electrochemical reaction with the 
buffer solution. Usually, the voltage of sample injection is kept at 4.1 kV. When 
running the CE, the voltage is increased to 14.1 kV. Thus 10 kV is applied across 
the capillary, and the separation current is 170 nA for 0.05 mM CuCh buffer 
solution. Sample is injected into the capillaiy by use of a 5-15 s pressure flow 
and then electrophorectically separated. 
LDI interface 
A waveguide excimer laser (Model GX-1000, Potomac Photonic Inc.) is 
used to vaporize and ionize the eluent from CE. The wavelength of 248 nm is 
obtained by using KrF gas for laser. The laser provides a maximum energy of 60 
HJ per pulse with a pulse width of 50 ns. The output beam from laser is 
collimated by a 48" focal length lens, then is deflected into the MS chamber by a 
mirror. A 10" focal length lens (ESCO, Oak Ridge, NJ) is used to focus the laser 
beam. The focal point of the laser is precisely at the end of the capillary, and the 
beam diameter is 25 nm. The laser irradiates the capillary with an angle of 65° 
with respect to the TOF axis. CuCh in buffer absorbs the laser energy and 
transfers the eluent into the gas phase. Ions are formed between the repeller and 
LDI interface. A 15 nm tungsten wire is inserted into the CE to establish the electrical connection. 
The wire is dipped in 0.3 g cellulose acetate / 1.5 ml acetone before insertion to prevent 
electrochemical reaction with buffer. 
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first acceleration plate, and are extracted into the TOF flight tube immediately. 
The laser operates at 200-1000 Hz to ablate the solution from CE without ice 
forming. At the tip of the capillary, 
'effective' flow rate = rate of pressure flow + rate of electroosmotic flow 
+ rate of electrophoretic flow 
= rate of laser vaporization + rate of natural evaporation 
If the solution flows faster than the rate of vaporization, there is ice formed at 
the tip of the capillary. If the solution flows slower than the rate of vaporization, 
the shot-to-shot of mass spectnmi is not stable. In order to get a stable operation 
of the laser desorption/ionization interface, a match of the rate of vaporization 
and solution flow is needed. This will be discussed later. 
Data Acquisition system 
A data system which can handle the enormous amount of data produced 
by the high-repetition-rate TOF mass spectrometer is needed. In a 
chromatographic-mass spectrum, the chromatograph is constructed from 
consecutively recorded mass sp>ectra. Since the peaks only last several seconds in 
CE, the data system shovdd be fast enough to record the whole mass spectrum 
within the time scale. The greater the frequency of spectrum acqmsition, the 
greate> the number available to define the chromatographic profile. In our 
experiment, a storage oscilloscope is used for capturing mass spectra produced 
by TOF MS at a repetition rate of 200 Hz. A 286 PC is interfaced with general-
purpose interface bus GPIB (National Instruments) to control the data-collecting 
and store the averaged data files. The data acquisition and storage processes are 
controlled by a in-house software. The mass spectrum is averaged 100 times by 
the digital oscilloscope, then the whole spectnmi is transferred to computer. 1 s 
is required for data averaging and storage. Thus, spectra are automatically 
taken and stored in computer in 1 s intervals. In this way, a three-dimensional 
plot of migration time versus analyte mass is obtained. 
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CHARACTERIZATION OF NEUTRAL RED AS A VISIBLE 
MATRIX 
Introduction 
Matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass 
spectrometry (TOF-MS), introduced by Karas and Hillenkamp in 1987, has 
rapidly become a valuable technique for the analysis of high-mass biomolecules, 
particularly proteins and peptides (26). The fundamental advantage of MALDI 
over other ionization techniques is the ability of the matrix to convert the 
deposited laser energy into vaporization and ionization of the analyte molecule. 
These steps occur with little anal5rte fragmentation, thus the mass spectra are 
generally dominated by only a few peaks in separate groups corresponding to the 
MW of the analyte and matrix. The various applications of MALDI include 
molecular weight measvu'ements above 200 kDa (25), fast and sensitive analysis 
of complex mixtures such as enzymatic digests (28), without the need for 
previous separation and purification steps. The rapidly increasing popularity of 
MALDI can be attributed to a number of desirable features. These features are, 
excellent sensitivity (low femtomole level has been demonstrated), tolerance for 
impurities in the sample (like salts and buffer), elimination of the need for 
tedious purification procedures, and production of intact protonated molecules. 
Because sample preparation and measurement are easy and fast, many samples 
can be analyzed in a short time. 
The ability of MALDI to cope with the analytical problems can be 
attributed to the wide range of experimental variables that can be tailored to the 
given application. MALDI has been accomplished at several wavelengths (7, 138, 
141). There is a wide choice among wavelength/matrix/ion polarity combinations 
to optimize mass spectrometric results. A variety of solvents such as water, 
alcohols, acetone and mixtures can be used in the sample preparation procedure 
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in order to achieve optimum performance. The way in which the sample and 
matrix mixture crystallizes seems to be of great importance to the success of the 
experiment. The crystallization process will be affected by the nature of the 
substrate material, its surface roughness, choice of solvent system, speed of 
drying, the presence of nucleation sites, and ambient temperature. Recently, a 
method of fast deposition of the matrix followed by deposition of the analyte 
solution on the layer has yielded improved resolution and sensitivity (21). This 
sample preparation technique creates a mechanism related more to substrate 
laser desorption than to the general MALDI process. Usually, a rapid 
crystallization method provides a more homogenous sample regardless of the 
composition of matrix solution (23). Under rapid crystallization conditions, there 
is insufficient time for extensive partitioning of analyte between the growing 
matrix crystal and the solution phase. So the anal3rte in solution quickly 
becomes "captured" in the matrix crystal. Thus, a successful mass spectnim can 
be obtained. 
Early success with UV laser wavelengths has led to a focus in MALDI 
methods development in this area. Some of the work has been done in the IR 
region (142-144). The MALDI matrices that seem to have attracted the least 
amount of attention are those in the visible region. This is surprising since the 
general transparency in the visible region of proteins, polypeptides and DNA can 
provide definite advantages over UV adsorption. Using a rhodamine 6G matrix 
and the 532 nm output from a Nd:YAG laser, the vaporized material of fragile 
single-stranded DNA was examined for cleavage by gel electrophoresis 
(145,146). With this technique, Levis et al. found the successful vaporization of 
single-stranded DNA without strand scission. Chen used rhodamine 6G and 
rhodamine B as matrices (147). For negative detection mode, parent negative 
ions of proteins and DNA are observed. Amster (148,149) tried to used 
rhodamine 6G as the sole matrix for biopolymer detection with MALDI, no 
biopol5mier ions were observed. However, they detected parent bipolymer ions 
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when they combined rhodamine 6G and 3-nitrobenzyl alcohol as the matrix. The 
ionization mechanism is believed to be a strong absorption of 532 nm radiation 
by R6G (es32 = 6xl0< Imol-icm-^) followed by energy transfer to the bulk solution, 
causing explosive evaporation and protonation of the protein by 3-NBA. 
If visible wavelength lasers can be used, fragmentation may be less likely 
than at UV wavelengths because of the weak absorption of most biological 
molecules in the visible region. Visible wavelengths have not been widely 
utilized for MALDI, since most organic components have negligible absorption in 
this region. The small number of available matrices is the major limitation for 
the application of MALDI at visible wavelength. However, organic dye molecules 
absorb visible light with extremely high efficiency. Hence, we present data 
characterizing a visible wavelength matrix, neutral red (NR), which has an 
absorption maximimi at 540 nm. Using NR, MALDI-TOF mass spectra show 
effective ionization for peptides. To monitor this process, the ablated material is 
collected for a series of molar-ratio compositions (matrixranalyte). The collected 
material is then analyzed by capillary electrophoresis to determine the relative 
amoimts of NR and insulin. 
Experimental 
Sample Preparation 
A matrix solution of 50 mM NR (Sigma, St. Louis, MO) was prepared 
using methanol. The typical dye content in the original sample is listed as 65 %. 
NR dye was used without further purification. The peptides and bovine insulin 
(Sigma, St. Louis, MO) were prepared as 10 mM solution in 0.1 % trifluoroacetic 
acid (Fisher Scientific, Fairlawn, NJ). Equal amounts (10 ml) of the matrix and 
analyte solutions were mixed in a text tube resulting in different matrix-to-
analyte ratio. 20 jil was then deposited onto a 0.5x2 cm^ quartz sample plate. 
The solution was then placed in a vacuum dessicator at 20 mTorr. The sample 
was allowed to dry completely. This proced\ire is used as a standard method in 
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our laboratory and the samples prepared in this way have been found to be very 
homogeneous macroscopically and to result in quite reproducible spectra. 
TOF-MS 
The TOF-mass spectrometer is in the Wiley-McLaren configuration with 
an ultimate pressxire 3x10 '^ torr. The total flight length is 100 cm with the 
repeller plate at +4.1 kV. In addition to the repeller plate, two wire grids space 
1/2" apart fi-om the extraction region. The first grid is at 3.9 kV, and the second 
grid is at grotmd. The quartz sample plate is put between the repeller and first 
grid by hanging fi-om the top flange. The instrument resolution is about 50 for 
NR ions, but is sufficient for the assignments of the mass spectral peaks fi-om 
our samples in which there is a large difference between the masses. Laser 
desorption was produced with 25 ns pulses of the 532 nm output of a Nd:YAG 
laser (Quantel VG480, Santa Clara, CA) running at 1 Hz. The laser beam was 
focused to a spot diameter of 300 ^m using a 21 cm focal length lens. Ions were 
detected with a dual microchannel plate (MCP) detector (Galileo Electro Optics, 
Sturbridge, MA). For TOF mass spectra, 10 consecutive events were averaged 
and digitized with a LeCroy 9410 oscilloscope. The traces were then sent to a 
286 PC computer for data analysis. 
Off-line MALDI and CE 
In order to examine the laser desorption process, a off-line MALDI and CE 
system is used, like Fig. 11. For the collection of ablated material, a glass 
collection plate is put 2 mm imder the sample plate. The laser irradiates the 
sample plate firom the back, and the sample material is desorbed normal to the 
plate surface. So essentially all of that material is deposited on the glass 
collection plate. Tjrpically, between 4,000 and 6,000 shots were accumulated by 
scanning the laser across the sample plate to collect enough material for 
analysis. The experiment was done vmder atmosphere. Approximately 50 % of 
Fig. 11 Off-line MALD and CE set-up. 
(a) laser irradiates the sample plate from back 
(b) collect sample 
(c) add buffer to dissolve the collected material and inject into CZE 
(d) a typical electropherogram 
(a) laser ablation 
LASER 
(b) collect sample 
(c) add buffer & inject into CZE 
(d) electropherogram 
61 
the surface material was removed. 1-2 |j.l of buffer solution was added to the 
collection plate to dissolve the desorbed material. Then the solution is injected 
into a commercial capillary electrophoresis instnmient (ISCO, Nebraska) for 
further analysis. We use a bare fused-silica capillary (Polymicro Sciences, 
Phoenix, AZ) of 360 ^m o.d., 75 ^m i.d., 50 cm total length and 30 cm effective 
length. In the early experiment, the running buffer of 50 mM sodium borate 
(Fisher Scientific, Fairlawn, NJ) with pH = 9.1 was used. But the buffer solution 
cannot dissolve insulin completely. Then 50 mM sodium phosphate (Fisher 
Scientific, Fairlawn, NJ) with pH = 4.9 was used as nmning buffer. Absorbance 
at 200 nm was used to monitor NR and insulin. Sample is injected by 5 s 
hydrodynamic injection. 15 kV high voltage is applied, and the separation 
current is 46 fiA. In MS, only ions can be detected. In this way, we can detect 
desorbed neutrals and ions. So the desorption process can be investigated. 
Results and Discussions 
The threshold fluence for ion formation was determined by gradually 
increasing the laser pulse energy until distinct peaks fi-om [NR-C11+ were 
detected. For the series of molar ratios from 1:1 to 20:1 (matrix to analyte for a 
constant amotmt of analjrte) we observed a threshold near 0.3 mJ/pulse or 6x10 ® 
W/cm2. At the threshold irradiance, ion peaks from the polypeptides can also be 
observed. In MALDI it is widely known that the best analyte signals are 
obtained near the threshold laser fiuence and that increases in fiuence degrade 
peak shape, resolution and anal3rte signal as a result of photo or thermal-
degradation. In order to collect observable amount of sample, a higher laser 
power is used. For the sample with 35:1 to 210:1 ratios, a laser power that is 
approximately 3.5 times the ion threshold is needed to create observable 
ablation in the bulk sample for the capillary electrophoresis analysis. At same 
spot, 100 laser shots will remove significant amount of sample. Using ion 
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threshold fluences, no pitting of the sample surface was evident. However, a 
laser energy density of 6x10® W/cm^ is clearly high enough to produce ionic 
species. Therefore, most likely only the first few monolayers are being removed 
each time. 
Fig. 12 shows the mass spectrum of Neutral Red (M.W. = 288.78) for both 
positive and negative ions. In positive ion mode, the early peak near 6 |is 
corresponds to Na^, and 19.9 us corresponds to the strongest peak from [NR-C11+, 
followed closely by a series of higher molecular weight ions that indicate Na 
cationization, dimers and impurities. In order to examine the effectiveness of NR 
as a matrix in MALDI, we used some common polypeptides as analytes. In Fig. 
13, a mass spectrum is shown for a 3:1 molar ratio NR to methionine enkephalin 
(M.W. = 573), and Fig. 14 depicts a mass spectrum of 3:1NR to dermenkephalin 
(M.W. = 955). The positive ion contribution for methionine enkephalin and 
dermenkephalin can be seen as [M+Na]^, while the negative molecular ion peaks 
are observed at [M-H]-. The peak corresponding to the [NR-C1]+ has a mass 
resolution of t/2At = 50. In this mass spectnim, Na+, K+ and [NR-Cl]-^ were 
utilized for mass calibration. In general, any known peak may be used for mass 
calibration, although higher mass peaks improve mass measiirement accuracy. 
In addition to methionine enkephalin and dermenkephalin, we examined the ion 
signals from Neiu-otensin (M.W. = 1673) and [Lys^J-Bombesin (M.W. = 1592). 
The matrix-to-analyte ratios varied from 1:1 to 20:1. Several common mass 
spectral features can be found as in Fig. 12 with NR and methionine enkephalin. 
There are prominent peaks from NR adducts and a distinct peak from the 
anal3i;e ion that generally constitutes at least ten percent of the total ion signal. 
No visible fragment ions have been seen. 
Researcher often report Na as a ubiquitous ion or ion adduct in laser 
desorption mass spectrometry (150). In our work, the dominant ion associated 
with the analyte was most often produced by Na cationization. The Na is likely 
due to constituents in the original synthesis of NR or from sample preparation. 
MALDI-TOF mass spectrum of neutral red: 
top: positive ion detection mode; 
bottom: negative ion detection mode. 
relative intensity relative intensity 
o I ' ' ' I I I I 
Fig. 13 MALDI-TOF mass spectrum of methionine enkephalin in excess of 
neutral red, the matrix to analyte ratio is 3:1 
top: positive ion detection mode; 
bottom: negative ion detection mode. 
relative intensity relative intensity 
Fig. 14 MALDI-TOF mass spectra of dermenkephalin in excess of neutral 
red, the matrix to analyte ratio is 3:1 
top: positive ion detection mode; 
bottom: negative ion detection mode. 
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By adding Na in the sample, we can ascertain if Na enhances the ionization of 
analjrte. Equal amoimt of NR and Na were used as matrix, the same peak 
patterns and intensities appear. The later experiment in our laboratory also 
show that similar mass spectra can be obtained by using "Na free" NR for 
MALDI. This indicates that it is not necessary to have large amounts of Na in 
the matrix for proper vaporization/ionization of analji«. 
A direct comparison of NR with a common visible-wavelength matrix can 
reveal how effective NR is as a MALDI matrix. Using the rhodamine 6G/3-
nitrobenzyl alcohol matrix of Amster, side-by-side studies have been performed 
in our laboratoiy for the formation of methionine enkephalin ions. The studies 
indicate that ten times more analyte is needed to produce approximately the 
same intensity of analyte ion for same amount of R6G and NR. 
To determine the extent of analyte fragmentation and the relationship 
between laser fluence and fragmentation, on experiment was performed for a 
series of NR to insulin ratios from 35:1 to 21:1 (constant insulin amoimt) over a 
range of laser fluences. The relative fragmentation of the NR and insulin from 
the vaporized material use capillary electrophoresis for the separation and 
quantitation steps. Capillaiy electrophoresis, with its low sample volume and 
low detection limits, is well-suited for this task since the amount of collected 
material is small. In addition, if neutral fragments are formed which cannot be 
detected by MS, they can be distinguished in CE. Data were collected at each of 
the molar ratios. Fig. 15(a) is a typical electrophoregram for 2x10-^ M of insulin 
and NR. Fig. 15(b) is the electrophoregram of 35:1 NR to insulin sample 
irradiated at 2x10'' W/cm^. The insulin peak at 7 min has a characteristic 
shoulder that is likely due to impurities. Despite 35 % impurities in the original 
NR sample, only one peak at 4min is observed. An absolute determination of the 
total amount of ablated material was not possible; therefore, the relative peak 
areas are used. From electrophoregram of standards, the relative peak areas of 
Capillaiy electrophoretic separation of insulin and neutral red; 
top; standard sample; 
bottom: ablated sample. 
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insulin to NR is 20.02. The relative peak area of ablated sample for 35:1 matrix-
to-analyte is 0.538. 
1:1 NR to insulin _ 20.02 _ 
35:1 NR to insulin ~ 0.538 ~ 
This indicates that the ablated material has the same molar ratio of matrix to 
anal3i;e as the original sample. There is no bias in the collection procedure. The 
data in Fig. 16 are the insulin to NR peak ratios versus its original molar ratio. 
The linear relationship shows that the vaporization efficiency of sample is 
constant for a range of matrix-to-analyte ratio from 35:1 to 210:1. The amoimt of 
matrix will not affect the vaporization process. NR is used to absorb laser 
energy, then both of NR and insulin are efficiency vaporized without any 
degradation. For 70:1 a matrix-to-analyte sample, Fig. 17 shows ablation 
without preferential deposition or destruction of either component. At high laser 
fluence the data points still fall near 0.6. This indicates that very little 
photodestruction is occurring, since at higher laser powers the absorbing NR dye 
would be expected to fragment more often than insulin. 
Conclusions 
The characterization of NR as an alternative visible-wavelength MALDI 
matrix reveals that it has high analjrte ionization efficiency and a high 
photostability. In using NR, anal3rte degradation may be lowered dramatically 
since visible radiation is not readily absorbed by proteins and polypeptides. A 
particular advantage of visible-wavelength matrices is that solid-state pulse 
lasers operate reliably in the visible region and are free of many of the 
troublesome problems of pulsed gas or plasma lasers. 
The data points indicate the ratio of the amount of insuUn to NR 
ratio in the ablated material for different ratio of insulin to NR 
samples. 
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analyte/matrix ratio (*0.001) 
Fig. 17 The data points indicate the ratio of the amount of insulin to NR in 
the ablated material at different laser power density. 
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A NEW LASER DESORPTION/IONIZATION INTERFACE 
FOR CAPILLARY ELECTROPHORESIS-TIME OF FLIGHT 
MASS SPECTROMETRY 
A paper to be submitted to Analytical Chemistry 
Yu-chen Chang and Edward S. Yeung 
Abstract 
Mass spectrometry (MS) is usually coupled on-line with capillary 
electrophoresis to analyze biomolecules by using electrospray ionization (ESI) or 
continuous-flow fast-atom bombardment (FAB). We present a new design for 
laser vaporization/ionization TOF mass spectrometry. CE, with its low flow rate 
(< 1 |il/min), is highly compatible with MS even if the total column eflluent is 
introduced directly. A UV laser is used to vaporize and ionize the solution 
eluting from the column. There is no need to have a make-up solvent. Using this 
system, we have analyzed a group of amines and peptides. The concentration 
detection limit of seritonin is in the 10 '' M level. The amount of serotonin needed 
to obtain the mass spectrum is only 16 attomole. The separation and 
identification of amine mixtures by CE-MS will be shown. 
Introduction 
Capillary electrophoresis (63-67) is a micro-scale separation technique 
which has a nvunber of practical advantages over conventional separation 
methods. Among them high separation efficiency, high speed, and economy of 
sample size. However, the small amount of sample which CE deals with poses a 
high demand on the detector sensitivity. A mass spectrometer is a vmiversal 
detector, nearly every compound has its own mass spectrum. It can provide 
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information regarding molecular masses or the structure of compound with high 
sensitivity. In on-line CE-MS, analytes are distinguished not only by their 
migration times but also by their molecular masses or fragmentation. Therefore, 
the CE-MS is suitable to solve problems with increasing sample complexity and 
decreasing sample quantities, especisJly for biological samples. 
The first CE-MS was demonstrated in 1987 by Smith and co-workers (69). 
The great challenge here is to develop suitable interfaces for introducing the 
liquid flow into the mass spectrometer without significant loss in the 
performance of either CE or mass spectrometer. Until now, CE has usually been 
coupled to MS by using electrospray ionization (ESI) (78-80) or continuos-flow 
fast-atom bombardment (CF-FAB) (94-97). Since electrospray produces multiply-
charged molecular species, this permits the analysis of molecules of significant 
higher molecular weight than the upper mass limit of the spectrometer. 
Recently, several interfaces have developed for coupling separation techniques 
with MS. These include pulsed sample introduction interface (105,106) 
continuous-flow matrix-assisted laser desorption/ionization interface (62,104), 
and aerosol MALDI interface (60,61). These new interfaces have high potential 
to couple CE with MS. However, a make-up solvent is usually reqmred. A large 
amount of electrolyte is introduced, so the concentration of analyte is diluted. In 
addition, the added electrolytes make more contribution to the chemical noise. 
The detection limit of proteins in CE-MS is t3rpically in the high femtomole 
range. The detection limit of concentration is in the range of 10-5 M, which is not 
sufficient for the study of biological samples. In order to improve detection limit, 
new interface with high ionization efficiency and high sample utilization is 
needed. 
The ion collection efficiency in quadrupole MS is only 10-3 and lO-^. CE 
coupled with alternative types of mass spectrometers which have high ion 
transmission efficiency have been demonstrated, including Fourier transfonn ion 
cyclotron resonance mass spectrometer (151), ion-trap mass spectrometer (110), 
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and time-of-flight mass spectrometer (76). Since TOF MS has high transmission 
efficiency, nearly every ion can be transferred into vacuum; it may provide best 
achievable sensitivity. Complete mass spectra can be recorded in a single event. 
Up to lOOK mass spectra can be produced in a second. The high speed of TOF 
MS is suitable for the detection of analyte separated by CE. While the duration 
of the peaks in CE separation is only several seconds, the TOF MS is fast enough 
to acquire the mass spectra within the peak elution time. In principle, an 
unlimited mass range can be achieved, which is suitable for the study of large 
biomolecules. 
Here we present a new interface for CE/MS. The eluent from CE is 
directly introduced into a TOF MS. A UV laser is used to vaporize and ionize the 
solution from CE. The key to the successful laser desorption/ionization interface 
is the addition of a matrix compovmd. The matrix acts both as an electrol3rte for 
CE, and as a laser energy absorber at the interface. At the interface, all the 
samples are vaporized, and ions are extracted into TOF flight tube without 
throwing the sample away. In addition, the buffer solution can be totally 
aqueous. The vaporization/ionization process is based on the efficient and 
controllable laser energy transfer to the liquid phase. There is no need to have a 
make-up solvent or gas to help the vaporization/ionization process, therefore, the 
instrument is simple and easy to construct and operate. The cost of the 
instrument is inexpensive. The laser desorption/ionization interface provides a 
pulsed ion source, which is amenable to time-of-flight mass analysis. Using this 
system, we have analyzed a group of catecholamines and peptides. 
Experimental 
Fig. 18 shows the schematic diagram of CE-TOF-MS. This system is 
home-built and includes three parts: capillary electrophoresis, laser 
desorption/ionization interface, and TOF MS. 
Fig. 18 Schematic illustration of CE/LDI-TOF-MS 
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Capillary electrophoresis. The length of the fused silica capillary (with SO­
TS nm i.d. and 360 o.d.) is 45 cm (Polymicro Technology Inc., Phoenix. AZ). 
The CE running solution is 0.05 - 0.5 mM CuCb in water without pH 
adjustment. The pH value for the solution is approximately 5. 10 kV is across 
the capillary by applying 14.1 kV to anode and 4.1 kV to cathode. Since the 
cathode end of the capillaiy is in MS, which is in vacuum at a pressure of 4 x 10 " 
torr. There is a vacuvim-induced pressure flow due to the pressure difference. In 
order to minimize the pressure flow, the samples are put in a sample box which 
is pumped by a mechanical pump to a pressure of 50 - 100 torr. In this way, the 
pressure flow is controlled with the flow rate of 3-4 nl/sec. This flow rate is 
compatible to the flow rate of regular CE. Unlike in regular CE set-up, the 
cathode end of the capillary cannot be put into a buffer vial. The capillary tip is 
placed at the center of the back plate in the TOP MS. A high voltage of 4.1 kV is 
needed to apply to the solution to complete the CE circviit and extract ions into 
MS. Therefore, a 15 |wn tvmgsten wire (Johnson Matthey, Ward Hill, MA) is 
inserted approximately 1 to 2 mm into the terminus of the CE capillary to 
establish the electrical contact. Before insertion, the tungsten wire is dipped into 
the solution of 0.3 g cellulose acetate in 1.5 ml acetone to prevent the 
electrochemical reaction with the buffer solution. The cathode is maintained at 
4.1 kV for direct flow and electrophoresis measurements. Samples are injected 
into the capillary by use of 5-15 s pressure flow. The separation current is 170 
nA for 0.05 mM CuCh. The peptides were obtained from Sigma (St. Louis, MO) 
and catecholamines were obtained from Aldrich (Milwaukee, WI). All the 
samples are dissolved in buffer to desired concentrations. 
Laser desorption/ionization interface. A waveguide excimer laser (Model 
GX-1000, Potomac Photonic Inc., Lanham, MD) is used to vaporize and ionize 
the eluent from CE. The 248 nm output provides a maximiun energy of 60 |iJ per 
pulse with a pulse width of 50 ns. The output beam from the laser is collimated 
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by a 48 " focal length lens, and then is deflected into the MS chamber by a 
mirror. A 10 " focal length lens is used to focus the laser beam. The focal point of 
the laser is right at the end of the capillary, and the beam spot is 25 nm. The 
laser energy measured in front of the capillary is 34 fiJ, which corresponds to the 
power density of 1.38 x 108 W/cm^. The laser irradiates the capillary with an 
angle of 65° with respect to TOF axis. CuCh in the buffer absorbs laser energy 
and then transfers the eluent into gas phase. Ions are formed between the 
repeller and first acceleration plate, and are extracted into TOF flight tube 
immediately. The laser operates at the repetition rate of 200 to 1000 Hz to 
ablate solution from CE without ice forming. If the solution flows faster than the 
rate of laser vaporization, then ice forms at the tip of the capillary. However, if 
the solution flows slower than the rate of vaporization, the shot-to-shot of mass 
spectra is not stable. In order to get a stable operation of the laser 
desorption/ionization interface, a match of the rate of laser vaporization and 
solution flow is needed. A laser-absorbing matrix in CE solution is required. 
Without the laser-absorbing matrix, the laser cannot desorb the eluent 
efficiently. Therefore, ice is formed at the tip of the capillary. 
TOF mass spectrometer. A home-built linear time-of-flight mass 
spectrometer is used for ion detection. The ion-optics are in Wiley-McLaren dual-
grid configuration (R.M. Jordan Co., Grass Valley, CA). The repeller is at 4.1 kV. 
Two acceleration plates spaced 1/2 " apart from the repeller. The first grid is at 
3.9 kV, and the second grid is at ground. A pair of X and Y deflectors are behind 
the acceleration region to adjust the ion trajectories. The flight tube is 1 m long. 
The pressure of the system is normally 4 x 10-' torr, the pressure goes up to 6 x 
10 ' torr with the injection of sample solution. The vacuum pressure reading can 
be used as an indication concerning the stability of the continuous flow. A stable 
flow will result in a constant reading or minor fluctuations in the vacuum 
pressure. Ions are detected by a triple microchannel plate detector (Galileo, 
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Electro-optics Corp., Sturbridge, MA), which provides a gain of - 5 x 10". The 
mass spectrum is recorded by a LeCroy 9410 digital oscilloscope. 
Data Acquisition System. A data acquisition scheme, based on a General 
Purpose Interface Bus (GPIB) (National Instruments, TX) for data transfer from 
the LeCroy oscilloscope to a PC, is used for recording and storing mass spectra 
generated by the TOF MS. To establish the 3D-electrophoregram-mass 
spectrum, a consecutive recording of mass spectra is used. The peaks separated 
by CE only last several seconds, the data acquisition system should be fast 
enough to record the whole spectrum within the time scale. The greater the 
frequency of spectrum acquisition, the greater the number available to define 
the electropherogram profile. The data acquisition and storage processes are 
controlled by a in-house software. The mass spectrum produced by TOF MS is at 
a repetition rate of 200 Hz. 100 mass spectra are averaged by digital 
oscilloscope, then transferred to computer. The data are averaged and stored in 
the computer at a speed of 1 spectrvim/sec. 
Results and Discussions 
LDI-TOF MS. To demonstrate the performance of the continuous-flow 
laser desorption/ionization TOF MS, the continous flow of anal5^e solution is 
introduced into the TOF MS at a flow rate of 4 nl/sec. This flow rate is similar to 
the flow rate of regular CE. The mass spectrum of the 0.5 mM CuCb solution 
(Fig. 19(a)) only shows low mass peaks (<100 Da), which correspond to Na+ and 
K*. Because there is no interference for mass range larger than 100 Da, the 
buffer system is good not only for large biomolecules but also for small 
molecules, such as amino acids, peptides. The solution used for the mass 
spectrum in Fig. 19(b) is 10 |iM serotonin in 0.5 mM CuCb water solution. Both 
spectrua are averaged over 100 laser shots at a pulse energy of 34 |iJ. The 
serotonin yields signals for [M+H]+ (M.W. = 176) and [M-CH2NH2+H1+ (M.W. = 
146) ions. The molecular mass of serotonin is 175 Da and the centroid of the 
LDI-TOF mass spectrum of 
(a) 0.5 mM CuCl, solution and; 
(b) 10 jiM serotonin in 0.5 mM CuCU solution. 
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parent peak has a m/z value of 178.3 Da based on extrapolation from Na* and 
K* mass peaks of the spectrum. It is possible that alkali metal adduct ions of the 
form fM+Na]-^ and [M+Kl* are present and shift the serotonin peak to higher 
mass. Where these Na" and K* ions come from is not clear. When the laser 
irradiates the empty capillaiy, Na+ and K* ions are present. Thus, these Na* and 
K-' ions may come from the fused-silica capillary. The mass spectrum of 
serotonin yields not only intense molecular ions but also fragment ions. The 
molecular informtion can easily be obtained from the spectnmi. The 
fragmentation pattern of serotonin is similar to the pattern obtained by 
multiphoton ionization (106) except that less fragment peaks are seen in our 
system. The fragment ions can be assigned to the structure, it appears that no 
thermal decomposition occurred. Thus the LDI interface is suitable for the 
analysis of non-volatile and thermally-labile molecules. A mass resolution (t/At) 
of 103 is obtained for the serotonin parent peak. We have analyzed a group of 
catecholamine, and serotonin has the best signal intensity. So in our experiment, 
the 10 mM serotonin/buffer is used as standard to optimize the experimental 
conditions. The ion signals of serotonin are monitored to ensure that conditions 
are not significantly changed day-to-day. 
We investigate the quantitative ability of the system. At concentration 
range of 5 nM to 50 ^iM, the integrated peak area to relative concentrations is 
linear (Fig. 20). The data in the calibration curve are an average of 5 mass 
spectra. The linear calibration curve shows that the LDI interface can be used 
for quantitative analysis. The R2 for fragment ions, parent ions and fragment 
plus parent ions are 0.9921, 0.9852, and 0.9899, respectively. In order to 
enhance the analyte signal, the concentration of CuCh from 1 mM to 0 mM is 
optimized. We found the best serotonin signal can be obtained by using 0.05 mM 
CuCb solution, and the detection limit of the system is 0.2 )iM. The amount 
needed to obtain a 1 |iM serotonin mass spectrum (Fig. 21) from one laser shot is 
only 16 attomole. We also tried to enhance the ionization efficiency by adding 
Calibration curve of serotonin obtained by using the LDI TOF MS 
system. The serotonin is dissolved in 0.5 mM CuClj solution, and 
flow into MS at a flow rate of 4 nl/sec. 
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NaCl. A solution containing 10 fiM serotonin and 1 mM NaCl in 0.05 mM CuClo 
solution is prepared. The addition of NaCl did not change the serotonin signal 
intensity. Since the serotonin also has strong absorption at 248 nm, serotonin 
ions can be produced without the addition of CuClz- We started to examine if the 
addition of laser-absorbing material is required for LDI interface. If an aqueous 
solution without laser-absorbing material is introduced into the TOF MS, ice is 
formed at the tip of the capillary. Ice forms because that the laser cannot ablate 
the eluent efficiently. This proves that the laser-absorbing compoxind is required 
for LDI interface. In addition, this laser-absorbing compound must also act as an 
electrol3rte for CE. 
CE/LDI-TOF MS. In on-line CE-MS, a plug of serotonin solution is 
injected. Without the CE voltage, the flow time for serotonin is 7 mins. The 
migration time of serotonin is 4.5 mins with electrophoresis. Fig. 22 shows the 
3D electrophoregram-mass spectrum of serotonin. The plot consists of 30 
individual mass spectra, each mass spectnim is an average of 100 laser shots 
and saved continuously. 1 jiM serotonin is injected 15 s by pressure injection. 
The total amount injected is 63 finol. From Fig. 22, the concentration detection 
limit of the CE-MS is 8 x 10 ' M, which corresponds to the mass detection limit of 
50 finol. The peak duration of serotonin is about 15 s. Since the laser operates at 
200 Hz, 200 mass spectra are produced every second. So the amount needed to 
obtain a mass spectrum is 16 attomole. At the early experiment, 75 |im i.d. 
capillary is used. When 10 |iM serotonin is injected for 5 s, the peak lasts for 20 
s. The peak broadening causes the dilution of analyte. Thus the sensitivity for 
electrophoresis is not as good as that for continuous flow. In order to minimize 
the peak broadening, 50 jim i.d. capillary is used. For both 50 fjin i.d. and 75 |im 
i.d. capillaries, same signal intensities of 10 p,M serotonin solution are obtained. 
Using 50 iim i.d. capillary, smaller amount of sample is used to get the same 
signal intensity. So we have better sample utilization. In addition, the peak 
Fig. 22 3D-plot of electrophoregram-mass spectrum of 1 serotonin / 
buffer. The sample is injected by pressure flow of 15 s. 
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diiration is 15 s for 15 s pressure injection of 1 nM serotonin. The peak expands 
to 18 s for 10 s pressure injection of 10 nM serotonin. The pressure flow due to 
the vacuum difference did not cause serious peak broadening problem. We also 
examine the reproducibility of electrophoresis for 1 |xM serotonin. 5 consecutive 
runs are made by 15 s pressure injection of 1 serotonin. Table I shows the 
peak intensity of 5 
Table IV. Reproducibility of capillary electrophoresis-mass spectrometry for 1 
^M serotonin 
Peak Volume (%) 
m/z = 146 m/z = 176 
#1 72.81 89.96 
#2 59.54 51.87 
#3 66.41 46.40 
#4 77.83 74.23 
#5 100.00 100.00 
X = 75.318 72.492 
On-l — 15.4 23.3 
consecutive injection. The peak intensity variations of m/z = 146 and m/z = 176 
are ±20.44% and ±22.14%. The large variation of the peak intensity is possible 
due to the shot-to-shot variation of laser pulse and the interaction between the 
analyte and the capillary wall. 
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The quantitative ability of the on-line CE-MS is investigated. This series 
of experiments are done by using 75 nm i.d. capillary, 0.5 mM CuCli' as 
electrol5rte solution, and laser repetition rate of 1000 Hz. For each run, a 3D 
electrophoregram-mass spectrum can be obtained and the peak volume of 
serotonin can be calculated. Fig. 23 shows the CE-MS calibration curve of 
serotonin from standard solutions. Very good linearity (R2 = 0.9819 for fragment 
ions, 0.9868 for parent ions, 0.9881 for fragment + parent ions) is obtained from 
the calibration curve. The study shows that the CE-MS system is suitable for 
quantitative analysis at concentration range from 5 |iM to 50 ^.M. 
In order to show the powerful advantages of on-line CE-MS, a two-
component mixture is studied. The mixture that contains 10 ^iM serotonin (m/z = 
175) and 20 |i.M tryptamine (m/z = 160) is injected into capillary by pressure 
injection for 5 s. Fig. 24(a) shows the 2-D plot containing 30 consecutive mass 
spectrum over CE separation. Peak 1 to 4 represent [serotonin + H]+ (m/z = 170), 
[serotonin-CH2NH2 + H]* (m/z = 146), [tryptamine + H]+ (m/z = 161) and 
[tryptamine-CH2NH2 + H]+ (m/z = 131). The peak centroids for serotonin and 
tr3TJtamine are 5.16 min and 5.09 min. Fig. 24(b) shows the total ion 
electrophoregram. Under our separation conditions, the two components cannot 
be separated completely by CE. In the electrophoregram, there is a broad peak 
with serious tailing. In CE-MS, those two components can be easily 
distinguished by mass differences. 
Mechanistic study of LDI interface. The laser desorption/ionization 
interface has been successfully coupled CE to MS. The CuCh is used to absorb 
laser energy. In this way, the efficient and controllable energy transfer is 
retained, and the liquid is vaporized. The ion formation process is not clear. We 
try to investigate if the laser absorption by analyte is necessary for ion 
formation. Three different dipeptides are used, including Val-Leu (m/z = 230, 
non-absorbing), Phy-Gly (m/z = 222, absorbing) and Val-Phe (m/z = 264, 
Fig. 23 Calibration curve of serotonin obtained by using the CE/LDI-TOF 
MS system. Sample is injected by pressure flow for 5 s. 
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absorbing). Fig. 25 shows the laser desorption/ionization mass spectra of these 
three compounds. These spectra are obtained by flowing 50 of each 
compounds in 0.05 mM CuCb solution at a flow rate of 4 nl/sec. In each 
spectrum, an intense [M + NaJ* ion peak along with some fragment ion peaks 
are obtained. Even Val-Leu which does not absorb at 248 nm can produce parent 
ions, the laser absorbed by analjrte is not required for ion formation. This 
illustrates that the LDI interface can be used for a wide range of compounds. 
This also meike the MS to be an imiversal detector for CE. 
We also examine if the addition of MALDI matrix will enhance the 
ionization efficiency. Here we try to use two MALDI matrix, i.e. nicotinic acid 
and 2,5-dihydroxybenzoic acid, to help ionization of anal3^e. These two matrix 
compounds are acids which can be a source of H+ ion. The impurity in the matrix 
solution may provide Na*. Fig. 26 shows that the addition of 1 mM nicotinic acid 
to the sample solution, the intensity of serotonin decrease about 75%. Fig. 27 
and Fig. 28 show how the addition of 20 mM nicotinic acid and 2,5-
dihydroxylbenzoic acid also decreases the serotonin signal. In solid MALDI, 
people believe that the matrix will absorb laser light for vaporization and 
transfer a cation ( H+, Na+, K+) to the analyte. Then the analyte ions are formed. 
In the LDI interface, the addition of a MALDI matrix did not enhance the 
ionization efficiency. The serotonin signal decreases a lot. Therefore, we conclude 
that the LDI process is not the same as MALDI process. The decreasing signal is 
possibly due to the change of laser desorption/ionization process by the highly-
absorbing material in the solution. 
Conclusion 
The LDI interface provides an alternative means for interfacing CE with 
MS that is capable of detecting ions in a pulsed form, especially for TOF MS. 
This LDI interface is simple and easy to construct and operate. Unlike other 
interfaces, no make-up solvent or gas is needed. Compounds which are separated 
Fig. 25 LDI-TOF mass spectrum of 50 fiM 
(a) Val-Leu (M.W. = 230); 
Cb) Phe-Gly (M.W. = 222); 
(c) Val-Phe (M.W. = 264). 
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Fig. 26 (a) LDI-TOF mass spectrum of 10 jiM serotonin in 0.05 mM CuClj 
solution; 
(b) LDI-TOF mass spectrum of 10 ^iM serotonin and 1 mM nicotinic 
acid in 0.05 mM CuClj solution. 
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by CE can be detected by MS without sacrifice of resolution. The sample 
utilization is high compared to other systems. The mass spectra produced by LDI 
interface provides not only parent ions but also fi-agment ions. So the molecular 
weight can be easily obtained fi-om the mass spectrum. The on-line CE-MS 
system exhibits a superior resolving power for the analysis of complex samples. 
The concentration detection limit of our system is in 10 " level. Therefore, the 
analysis of real-world samples is straight forward. 
I l l  
GENERAL SUMMARY 
This dissertation work has described developments in the instrumentation 
and analytical methods of laser desorption/ionization TOF MS. Since the laser 
provides high energy within a very short time, ions of large biomolecules can be 
generated for MS analysis. Therefore, the laser desorption/ionization techniques 
make MS a more widely acceptable tool for analysis of biological molecules. 
Laser desorption/ionization techniques provide a pulsed ion source, which is 
amenable to couple with TOF MS. In TOF MS, a whole mass spectrum can be 
obtained in a laser shot. So LDI TOF MS provides a sensitive and quick way for 
the analysis of biomolecules. 
The on-line coupling of capillaiy electrophoresis and mass spectrometer by 
laser desorption/ionization is a totally new design. The developed system is 
suitable for the analysis of very complex samples, i.e. biological samples. The 
better detection limit of the system established the possibility to extend the 
technique to analyze single cells and extremely small amovmt of sample. Future 
studies of this work could couple micro-LC with the system and analyze larger 
molecules, like proteins. 
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